β-Ga2O3 has attracted considerable interest in recent years for high power electronics, where thermal properties of β-Ga2O3 play a critical role. The thermal conductivity of β-Ga2O3 is expected to be three-dimensionally (3D) anisotropic due to the monoclinic lattice structure. In this work, the 3D anisotropic thermal conductivity tensor of a (010)-oriented β-Ga2O3 single crystal was measured using a recently developed elliptical-beam time-domain thermoreflectance (TDTR) method. Thermal conductivity along any direction in the (010) plane as well as the one perpendicular to the (010) plane can be directly measured, from which the 3D directional distribution of the thermal conductivity can be derived. Our measured results suggest that at room temperature, the highest in-plane thermal conductivity is along a direction between [001] and [102], with a value of 13.3±1.8 W m 
Text:
As a wide-bandgap semiconductor, β-Ga2O3 possesses many outstanding properties 1 such as incredibly large bandgap (4.5-4.9 eV), 2, 3 high Baliga's figure of merit, 4, 5 and excellent thermal stability. This enables Ga2O3 devices with an even higher breakdown voltage and efficiency than their SiC and GaN counterparts. 6 β-Ga2O3 has thus attracted a considerable interest in recent years for potential applications in the next-generation high-power and high-voltage devices. 7, 8 Thermal properties of β-Ga2O3 can play a critical role in power electronic applications.
The thermal conductivity of β-Ga2O3 is expected to be 3D anisotropic due to the monoclinic lattice structure. 9 Thermal conductivities of β-Ga2O3 along some highly symmetric directions have been reported previously by several authors. [10] [11] [12] For example, Guo et al. reported the thermal conductivity of Mg-doped and undoped β-Ga2O3 bulk crystals along the [100] direction from 4 to 300 K measured using the 3ω method. Galazka et al. at room temperature. All the previous work reported the measured thermal conductivity along the through-plane directions of the samples, whereas the β-Ga2O3 crystals are usually only available with orientations along some highly symmetric crystallographic directions. Therefore, the 3D anisotropic thermal conductivity tensor of β-Ga2O3 has yet to be reported.
In this work, the 3D anisotropic thermal conductivity tensor of a β-Ga2O3 single crystal is measured using a recently developed elliptical-beam TDTR method. 13 By using a highly elliptical pump beam for heating the sample in TDTR experiments, the detected signals are selectively sensitive to the in-plane thermal conductivity along the short axis of the elliptical beam and the through-plane thermal conductivity but in different manners. 13 The 3D anisotropic thermal conductivity tensor of the sample can thus be derived from a series of measurements by rotating the elliptical pump beam. Our results suggest that at room temperature the highest in-plane thermal conductivity is along a direction between [001] and [102] , with a value of 13.3±1.8 W m among all the directions. Temperature-dependent thermal conductivity of β-Ga2O3 was also measured, which agreed well with a theoretical model calculation. Comparison between the measurements and calculations help to elucidate the temperature dependence and the role of impurity scattering in thermal conductivity of β-Ga2O3.
Our sample is a (010)-oriented β-Ga2O3 single crystal purchased from Tamura Corporation (Japan). 14 This sample was unintentionally doped (mainly by silicon) with an impurity concentration of ~1.3 10 cm measured by C-V profiling. Such a low concentration of impurity is expected to have a negligible effect on the lattice thermal conductivity and negligible electron contribution to the thermal conductivity.
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The wafer has a dimension of 15 10 0.5 mm, with the [010] direction along its through-plane and the [102] direction parallel to its breadth (see the illustration in Fig. 1(a) ). A thin Al film with a nominal thickness of 100 nm was deposited on the (010) surface of the Ga2O3 substrate acting as a metal transducer for TDTR measurements. The actual film thickness was 105±4 nm determined by picosecond acoustics. Details of the elliptical-beam TDTR method and the TDTR system for thermal conductivity tensor measurements were described elsewhere. 13, 17 To conduct the elliptical-beam TDTR measurements, a pair of cylindrical lenses were inserted in the pump path to generate a highly elliptical pump spot on the sample surface, whereas a circular beam was still used as the probe. To characterize the spot size, the pump spot was swept across the probe spot at a high modulation frequency of 10 MHz and a short positive delay time of 100 ps. The in-phase signal Vin as a function of the offset distance xc was fitted by a Gaussian function ~exp / to extract the root mean square average of the pump and probe 1/e 2 radii along the sweeping direction.
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The long and short radii of the elliptical laser spot were determined as 23 and 4.1 μm, respectively. A low modulation frequency of 0.35 MHz was used for all the thermal conductivity measurements.
Thermal properties of the sample, including the in-plane thermal conductivity in the θ angle K||(θ), the through-plane thermal conductivity Kz, and the Al/Ga2O3 interface thermal conductance G, were determined by fitting the measured ratio signals / as a function of delay time using a thermal transport model. 
where ξ represents any input parameter in the thermal transport model. Figure 1(c) shows the sensitivity coefficients of the signal to different thermal properties of the substrate as a function of delay time. By using a highly elliptical pump beam for TDTR experiments, the detected signals are sensitive to Kz, K||(θ), and G but all in different manners, meaning that these parameters are not strongly correlated and thus can be determined simultaneously. Note that the TDTR signals measured using an elliptical beam are essentially sensitive to the through-plane thermal effusivity (ez= ) and the in-plane thermal diffusivity (α||(θ)=K||(θ)/C). Since the heat capacity is isotropic, the sensitivity to the heat capacity of the substrate as shown in Fig. 1 The uncertainties of Kz, K||(θ) and G are then estimated using a multivariate error propagation formalism based on Jacobi matrices, which was first developed by Yang et al. 20 and widely used in some related works. [21] [22] [23] [24] The effect of the signal noise, manifested as the standard deviation σ between the measured data points and the thermal model prediction, is also included in the estimated uncertainty. From the measured in-plane thermal conductivity tensor and the through-plane thermal conductivity, we can calculate the full thermal conductivity tensor and the 3D directional thermal conductivity in a way discussed below. Since β-Ga2O3 is a monoclinic crystal, the thermal conductivity tensor takes the form of
where the subscripts x, y and z correspond to the Cartesian axes defined in Fig. 1(a) . The K tensor is symmetric due to the Onsager reciprocal relation, 25, 26 and the components Kxz and Kyz are zero due to the monoclinic symmetry. 27 The through-plane thermal conductivity Kzz = 22.5 W m 
where is the azimuthal angle. The components Kxx, Kxy and Kyy can thus be solved from ∥ at 0º, 45º and 90º. Therefore, the full tensor of thermal conductivity is obtained as:
The minus sign of Kxy here denotes that a temperature gradient along the +y direction would result in a small deflection of heat flux along the -x direction. After the full thermal conductivity tensor is determined, the 3D directional thermal conductivity , can be expressed as:
where is the polar angle. The 3D distribution of the directional thermal conductivity is shown in Fig. 2(b) , and the projected thermal conductivity distribution in the (001) plane is shown in Fig. 2(c). Thermal conductivity of β-Ga2O3 along any arbitrary , direction can be extracted from We further measured thermal conductivity of β-Ga2O3 as a function of temperature. Figure 3 shows the temperature-dependent thermal conductivities of β-Ga2O3 along the [010] and [100] directions from the current measurements over the temperature range from 80 to 400 K (solid symbols), with the literature measurements [10] [11] [12] (open symbols) included for comparison. It is interesting to note that although the current measurements agree well with the measurements by Guo et al.
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at high temperatures >200 K for both directions, the measurements by Guo et al. One possible reason could be that the samples might have different impurity concentrations, as impurity scattering usually dominantly affects the lattice thermal conductivity at low temperatures but not at high temperatures. To have a qualitative understanding of the temperature dependence and the effect of impurity scattering on the lattice thermal conductivity of β-Ga2O3, a theoretical model based on the Debye-Callaway formalism 30 was employed to calculate the temperature-dependent thermal conductivity of β-Ga2O3. This theoretical model was previously applied to study the isotope effect on the lattice thermal conductivity of a series of group IV and group III-V semiconductors, including wide-bandgap SiC and GaN. 30 In this theoretical model, a truncated linear dispersion is assumed, and the scattering rates due to phonon-phonon normal scattering, umklapp scattering and defect scattering are based on theories proposed by Herring, 31 Peierls, 32 and Klemens. 33 . This model involves only two fitting parameters, i.e., the Grüneisen parameters , for the longitudinal and transverse branches, which are assumed to be independent of temperature since the β-Ga2O3 crystal is very stable. In practice, we adjust the Grüneisen parameters until the calculated thermal conductivity agrees with the measurement at 300 K. We then study how the thermal conductivities of the samples with different impurity concentrations change as a function of temperature. By adjusting the Grüneisen parameters, the thermal conductivities at different temperatures change proportionally, which is because the temperature dependence terms and the impurity scattering terms in the model do not involve any Grüneisen parameter. The temperature dependence of thermal conductivity and the effect of impurity and a density of 5.961 g cm -3 were assumed 36 to convert the literature data into the volumetric heat capacity with a unit of [J cm
].
In summary, the 3D anisotropic thermal conductivity tensor of a (010) β-Ga2O3 substrate was measured using an elliptical-beam TDTR method. Thermal conductivity along any direction in the (010) plane as well as the one perpendicular to the (010) plane can be directly measured, from which the full 3D thermal conductivity tensor can be derived. Among all the directions, the [010] direction has the highest thermal conductivity and the [100] direction has the lowest. The temperature-dependent thermal conductivity exhibits a 1/T 1.3 dependence over the temperature range 80-400 K. A theoretical model calculation was conducted to elucidate the temperature dependence and the effect of impurity scattering on the lattice thermal conductivity of β-Ga2O3.
The current measurement of temperature-dependent thermal conductivity agrees very well with our theoretical model calculations and a first-principles calculation from the literature.
See supplementary material for the derivation of thermal conductivity tensor and the theoretical model for lattice thermal conductivity of β-Ga2O3. 
In the experiment, the temperature gradient in the radial direction T r ∂ ∂ with azimuthal angle and polar angle is related to the temperature gradient vector as: sin cos sin sin .
Similarly, for the heat flux in the radial direction with azimuthal angle and polar angle , we have: sin cos ( , ) sin sin . cos 
We can thus write the 3D directional thermal conductivity as:
where the in-plane thermal conductivity along the azimuthal angle θ is expressed as:
S2. The theoretical model based on Debye-Callaway formalism for lattice thermal conductivity of β-Ga2O3
In the theoretical model based on Debye-Callaway formalism, 1 the lattice thermal conductivity is calculated as a sum over one longitudinal (KL) and two transverse ( 1 and 2 ) phonon branches: ( 1) where = ℏ / is the normalized phonon frequency, is the phonon frequency, is the cutoff frequency for longitudinal phonons, is the combined phonon relaxation time defined as
is the relaxation time for the phonon-phonon normal scattering processes, and is the relaxation time for the resistive phonon scattering processes which includes the phonon-phonon umklapp scattering, phonon-impurity scattering, and phonon-boundary scattering. 
b) Phonon-phonon umklapp scattering
Following the suggested form by Peierls 3 and the approach of Slack and Galginaitis 6 , the umklapp scattering rates have the following expressions: 
The mass-fluctuation phonon-scattering parameter Γ for a binary compound AB is given by and the atomic fraction of Ga2O3 is Ga 2 O 3 = 1 − Si . The phonon-impurity scattering parameter Γ due to the Si impurity is calculated to be Γ Si = 8.96 × 10 −8 , which is four orders of magnitude lower than the phonon-isotope scattering parameter Γ. This indicates that the effect of Si impurity scattering is negligible compared to the mass isotope scattering. In our theoretical modeling, we compare the case of Γ = 0, which is isotopically pure, and Γ = 2.24 × 10 −4 , which is natural abundant, to examine the effect of phonon-isotope scattering on the thermal conductivity of β-Ga2O3.
d) Phonon-boundary scattering
The phonon-boundary scattering rate is assumed independent of temperature and frequency and is written as
where d is the thickness of the sample and is 0.5 mm for the current case.
The resistive scattering rate is the sum of scattering rates due to phonon-phonon umklapp scattering, Rayleigh scattering due to impurities, and scattering from the boundaries of the sample as:
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ⁄ , the temperature dependence of both do not depend on the fitting parameters , . We also note that the Callaway model has made the assumption of heat being carried only by acoustic phonons, despite the fact that optical phonons also contribute to the heat capacity and the overall thermal conductivity. Correspondingly, the model input parameters (listed in Table S-1) have been carefully chosen only to those acoustic modes to compensate the effect of the omission of optical phonons. For instance, the longitudinal and transverse Debye temperatures θL, θT1 and θT2 were determined from the zone-boundary frequencies of those branches, respectively, rather than from the specific heat at low temperatures, which would average in all acoustic and optic modes and would be too high an estimate for the acoustic modes only. More detailed discussion can be found in Refs. 1 and 8. Meanwhile, the Gruneisen parameters for the acoustic branches are treated as fitting parameters, which also partially absorbs the error associated with the omission of optical phonons. 
